Abstract The protein family (Pfam) PF04536 is a broadly conserved domain family of unknown function (DUF477), with more than 1,350 members in prokaryotic and eukaryotic proteins. High-quality NMR structures of the N-terminal domain comprising residues 41-180 of the 684-residue protein CG2496 from Corynebacterium glutamicum and the N-terminal domain comprising residues 35-182 of the 435-residue protein PG0361 from Porphyromonas gingivalis both exhibit an a/b fold comprised of a four-stranded b-sheet, three a-helices packed against one side of the sheet, and a fourth a-helix attached to the other side. In spite of low sequence similarity (18%) assessed by structure-based sequence alignment, the two structures are globally quite similar. However, moderate structural differences are observed for the relative orientation of two of the four helices. Comparison with known protein structures reveals that the a/b architecture of CG2496(41-180) and PG0361(35-182) has previously not been characterized. Moreover, calculation of surface charge potential and identification of surface clefts indicate that the two domains very likely have different functions.
Introduction 684-residue protein CG2496 from Corynebacterium glutamicum (UniProt accession number Q6M3G5) and 435-residue protein PG0361 from Porphyromonas gingivalis (Q7MX54) contain N-terminally located domains, which belong to the Pfam [1] protein family PF04536 of unknown function (DUF477) (Fig. S1 ). This broadly conserved protein domain family contains currently 1, 351 members from a wide range of different bacteria, eukaryotic organisms, and remarkably also one archaebacterium (crenarchaeota). The N-terminal domains CG2496(41-180) and PG0361 , which exhibit very low ClustalW [2] pairwise sequence identity (\20%), were selected as targets of the Protein Structure Initiative and assigned to the Northeast Structural Genomics consortium (NESG; http://www.nesg.org) for structure determination (NESG Target IDs CgR26A and PgR37A, respectively), as part of the a cooperative intercenter effort aimed at providing structural coverage of large, uncharacterized protein domain families [3] . Initial structural representatives of such families exhibit high modeling leverage [4] , expand our understanding of protein evolution [5] , and generally expand our knowledge of fundamental relationships between protein sequences, three-dimensional structure, and protein function. The solution NMR structures of CG2496(41-180) and PG0361 presented here are the first atomic resolution structures for domains of Pfam family PF04536.
Methods

CG2496(41-180
) and PG0361 were cloned, expressed, and purified following protocols [6] [7] [8] [10, 11] and PINE [12] , followed by manual assignment of side-chain resonances. Assignments were validated using the AVS software suite [13] . Chemical shifts, NOESY peak lists, and time domain NMR data have been deposited in the BioMagResBank (accession numbers 16569 and 16810 for CG2496(41-180) and PG0361(35-182), respectively).
Structure calculations were performed using standardized methods of the NESG consortium [14, 15] and consensus analysis of automated NOESY (mixing time 70 ms) cross peak assignments provided by the programs CYANA [16, 17] and AutoStructure 2.2.1 [18] based on 1 H-1 H NOE-derived upper limit distance constraints, and backbone dihedral angle constraints derived from chemical shifts using the program TALOS? [19] for residues located in well-defined regular structure elements. Stereospecific assignments of methylene protons were performed with the GLOMSA module of CYANA and the final structure calculation was performed with CYANA followed by refinement of selected conformers in an 'explicit water bath' [20] using the program CNS 1.2 [21] . Validation of the resulting 20 refined conformers for each domain structure was performed with the Protein Structure Validation Software (PSVS) server 1.3 [22] and the agreement of structures and NOESY peak lists was verified using the AutoStructure/ RPF 2.2.1 package [23] .
Results and discussion
We obtained high-quality (Table 1) In spite of the very low sequence identity (18% inferred from structure, Fig. S1c ), the three-dimensional structures of PG0361 and CG2496(41-180) are quite similar: the root mean square deviation (RMSD) calculated for the mean coordinates of the backbone heavy atoms N, C a and C 0 of regular secondary structure elements is 2.2 Å . Furthermore, a-helices III and IV exhibit the largest structural differences in terms of length and packing against the remainder of the protein molecule, and Pro 157 introduces a kink in a-helix III ) that is absent in CG2496(41-180). As a result, the corresponding RMSD value calculated for only for the b-sheet and a-helices I and II is much lower, that is, 1.0 Å . A rather distant homology is reflected by the fact that 25% of the residues of the molecular core are conserved between PG0361(35-182) and CG2496(41-180) (Fig. S1c) .
A search of the PDB database for similar structures using the program DALI [25] identifies the C-terminal domain of alanyl-tRNA synthetase (named ''C-Ala domain'' in the following) from Aquifex aeolicus (PDB code 3G98) as the only highly significant hit (other hits had Z-scores \ *6) for both CG2496(41-180) (best match with chain B of 3G98: Z-score 8.4, RMSD of C a atoms = 2.3 Å for 85 aligned residues with 8% sequence identity) and PG0361(35-182) (best match with chain A of 3G98: Z-score 6.5, RMSD of C a atoms = 2.5 Å for 89 aligned residues and 4% sequence identity). However, the comparably small number of aligned residues indicates that structural similarity with C-Ala domain is limited to segments of the protein molecules. This is confirmed by visual inspection (Fig. S6) : C-Ala domain contains a b-sheet with topology A(;)B(:)C(:)D(;)E(:)F(;), but only b-strands B-D and ahelices II-IV align structurally with corresponding regular structure elements in CG2496(41-180) and PG0361 . Moreover, the short b-strand A is arranged in opposite direction in C-Ala domain, a-helix I is absent, and the short polypeptide segment connecting a-helices III and IV in both CG2496(41-180) and PG0361 ) is replaced by the antiparallel b-strands E and F. Furthermore, the functionally important Arg 840 residue predicted to interact with the elbow of tRNA Ala , which is located in the b-strand F [26] , is not present in CG2496(41-180) and PG0361 . Hence, CG2496(41-180) and PG0361 are quite likely functionally not similar to the C-Ala domain; the observed partial structural similarity may have emerged from convergent evolution. This view is further supported by the fact that the full length proteins CG2496 and PG0361 are certainly not tRNA synthetases, but have entirely different functions: they are predicted to contain (1) transmembrane segments (Figs. S7-S10) and (2) N-terminal signal sequences for translocation in the extracellular and periplasmic space (Figs. S7-S12 ). Taken together, the search for structurally similar proteins reveals that CG2496(41-180) and PG0361(35-182) exhibit a novel a/b architecture. So far, these structures have not yet yielded insights into their molecular functions.
Calculation of electrostatic surface potentials and identification of surface clefts, which are possibly of functional importance [27, 28] , indicates that CG2496(41-180) and PG0361 actually have different functions in the context of the full-length proteins. CG2496(41-180) features a mostly negative electrostatic surface potential and analysis using Mark-Us/SCREEN2 [27, 29] reveals two adjacent surface clefts C1 and C2 (Fig. 1g) The only common feature appears to be that cavities C2 are negatively charged in both proteins, and that they exhibit the highest degrees of conservation within their non-overlapping modeling families (see below).
Different functions for CG2496(41-180) and PG0361 are also suggested by the genomic context of the fulllength proteins. Operon prediction [30] using the MicrobesOnline server (http://www.microbesonline.org) indicates that the gene encoding protein CG2496 is transcribed individually. In contrast, the gene of PG0361 is part of an operon also containing the genes pyrB and pyrI which encode subunits of an aspartate carbamoyl transferase catalyzing the first step of de novo pyrimidine biosynthesis.
Finally, identification of modeling families as was described previously [4, 31] reveals that the novel structural leverage, i.e., the number of protein structures that can be reliably modeled using the experimental structures presented here, is 7 and 368 for CG2496(41-180) and PG0361 , respectively. However, structural leverage is dependent on the methods used for modeling [4, 31] , and as homology modeling methods advance the leverage of these structures will also expand. Thus, considering that currently PF04536 contains 1145 non-redundant sequences, the two NMR structures presented here provide high leverage and conservatively *33% structural coverage for the very large Pfam family PF04536.
